CLNS 97/1490 
IASSNS-HEP 97-60 
SNUTP 97-073 
hep-ph/9708355 



Chiral Perturbation Theory for Tensor Mesons J] 



Chi-Keung Chow a and Soo-Jong Rey 6c 

Newman Laboratory for Nuclear Studies 
Cornell University, Ithaca NY 14853 USA a 

School of Natural Sciences, Institute for Advanced Study 
Olden Lane, Princeton NJ 08540 USA b 

Physics Department, Seoul National University, Seoul 151-742 KOREA c 
ckchowOlnsth . Ins . Cornell . edu , s j reyOias . edu 

abstract 

Interactions of a 2 , K%, f'2 and f 2 tensor-mesons with low-energy tt, K, rj, rf pseudo-scalar mesons 
are constrained by chiral symmetry. We derive a chiral Lagrangian of tensor mesons in which 
the tensor mesons are treated as heavy non-relativistic matter fields. Using 1/N C counting, 
we derive relations among unknown couplings of the chiral Lagrangian. Chiral perturbation 
theory is applied to the tensor-meson mass matrix. At one-loop there are large corrections to the 
individual tensor meson masses, but the singlet-octet mixing angle remains almost unchanged. 
We argue that all heavy mesons of spin > 1 share common feature of chiral dynamics. 
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An important application of chiral perturbation theory is to describe the interaction of 
matter fields (such as nucleons [|l], |2|] or hadrons containing a heavy quark |3|, [|, [|, |(|) with low- 
momentum pseudo-Goldstone bosons - the pions, kaons and eta. In Ref. |F] chiral perturbation 
theory was used to describe the interactions of the p, K*, <p and u vector mesons with low- 
momentum pseudo-Goldstone bosons. In this article, we will extend the formalism to study 
the lowest-lying tensor meson nonet. This nonet is expected to have quantum numbers J p = 
2 + , and contains the isotriplet 02(1320) and the S = ±1 isodoublets .^2(1430). The two 
isosinglet states are not as well established, but experimental evidences suggest that they are 
probably /2(1275) and / 2(1525). The mass difference between these nine lowest-lying tensor 
mesons are small compared to the chiral symmetry breaking scale Anf^ « 1 GeV. Hence, chiral 
perturbation theory should be applicable as a systematic expansion procedure for a class of 
processes involving tensor mesons and soft Goldstone bosons. In the past, chiral perturbation 
theory has been used extensively to study processes which do not have a tensor meson in the 
final state. In such decays, the final state pions are not soft enough that the application of 
the chiral Lagrangian to such processes is not justified a priori. At the best, they serve as a 
phenomenological model. 



The pseudo-Goldstone boson fields can be written as a 3 x 3 special unitary matrix 

in 
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Under chiral SU(3) L x SU(3) R , S -> LEEt, where L G SU(3) L and R G SU(3) R . At leading 
order in chiral perturbation theory, / can be identified with the pion or kaon decay constant 
(f n ~ 132 MeV, fx ~ 160 MeV). It is convenient, when describing the interactions of the 
pseudo-Goldstone bosons with other fields to introduce 

f = ex P y = v 7 ^. (3) 

Under chiral SU(3) L x SU(3) R , 

C -> L£rf = UiR\ (4) 

where in general U is a complicated function of L, R and the meson fields II. For transformations 
V = L = R in the unbroken SU(3)y subgroup, U — V. 
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The tensor meson fields are introduced as a 3 x 3 octet matrix 



and as a singlet 
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(We have deliberately made our notations for the tensor mesons identical to that for the vec- 
tor mesons in Ref. except for an additional tilde.) By definition these tensor mesons are 
symmetric and traceless Lorentz tensors, 



O = O = 



(7) 



Moreover, the polarizations of the tensor mesons are necessarily orthogonal to the momentum, 



(8) 



Under chiral SU(3) L x SU(3) R , 



(9) 



and under charge conjugation, 



CO^C 1 — O jMUl CS^C 1 — S^ u , C£C 1 — £ T . 



(10) 



We construct a chiral lagrangian for tensor mesons by treating the tensor mesons as heavy 
static fields || |§ with fixed four-velocity v^, with v 2 = 1. Eq. (|8]) becomes 



0. 



(11) 



The chiral lagrangian density which describes the interactions of the tensor mesons with the 
low-momentum tt, K and f] mesons has the general structure 



C £kin •^-'int ^-r 



(12) 



At the leading order in the derivative and quark mass expansions, 



Adn = —SKv ■ d)$>» - ~ Tr 6\ v {v ■ V)6 



(13) 
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and 



£ int = fgiSlTrid^v^ + h.c. 

+ig 2 Tr({6l p ,6z}AxHe^, (14) 

where 

v x d, u = d x d^ + {v x ,o, u ], (15) 

and 

Vx = + tfd x £), A x = i(£0 A £t _ £t^). (i 6 ) 

Finally, to linear order in quark mass expansion, 

r = h±l£™ s;J ^ 0, + a.TrM ,. & ^ 



+^ Tt (O^A^S"" + A.c. + ^ Tt ({Oj„, <5<""}M { ), (17) 

where .M is the quark mass matrix M. = diag(m n , m^, m s ), and 

Me = ±{ZMZ + $M&). (18) 

As mentioned in Ref . [0] , one of the mass parameters can be removed by a simultaneous phase 
redefinition of O and S, and only the singlet-octet mass difference A/2 = Jjlq — fis is physically 
relevant. It is yet unclear which f 2 state corresponds to the lowest-lying isosinglet tensor meson, 
but for all reasonable choices A/2 < 300 MeV and can be regarded as a quantity of order m q . 
Note that A/2 is of order iV" 1 and vanishes in the large N c limit. 

To fix couplings in the chiral Lagrangian, we analyze the spectrum of tensor mesons given 
at leading order in chiral perturbation theory. The analysis is essentially identical to the SU(3) 
analysis. In the approximation with exact isospin symmetry m u = = m, we find that a 2 
and K 2 tensor mesons are interaction and energy eigenstates simultaneously and have masses 
as: 

M a 2 = 7^8 + 2 ^2^ 

M K * = JI 8 + \ 2 {m + m s ) (19) 
while the and /^ 8 ^ mesons have mass matrix 

M(8 _o) = ( 7^8 + |A 2 (m + 2m s ) ^Ai(m - m s ) \ 

We have abbreviated combinations of parameters as 

/Z 8 = /2 8 + cr 8 Tr M /t = /2 + & TyM. (21) 
3 



Using the above relations, we find that the singlet-octet mass matrix elements can be expressed 
in terms of the experimentally measured tensor-meson masses: 
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= \ M «i-\ 
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= M f ,+M h 
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= ± (-M K * 



M a2 



~M^ 2 * + l -M a2 

^M a2 - M f ,) ■ (M /2 - \m k * + X -M a2 



(22) 



The mass eigenstates of octet-singlet mixing tensor mesons are parametrized by a mixing angle 
6 T : 

r(8)\ 

(23) 



( \h) \ _ I cos6 r +sin6 r \ / l/H \ 

^ \® ) ~ [ -sine T cose r Al/ 2 (0) )/' 

The above relation of octet-singlet mass matrix suggests the usual SUy(3) prediction for the 
tangent of the mixing angle 



tan 6t = T-* 



M% - fAfjf. + §M tt2 1 

- - - =f0.556 « T-t=- (24) 



Here, we have identified My 2 = 1270 MeV and My = 1525 MeV respectively. This translates 
into a mixing angle Or = 29.1°, which is close but not exactly the value 9n n = 26° as quoted 
in Particle Data Group |10| . For comparison Ot = 35° for an ideal mixing, and experimentally 
Q T is measured to be (25.3 ± 1.1)° flu). 

In the large N c limit, quark loops are suppressed. Thus the leading diagrams in the meson 
sector contain a single quark loop. As a result, the octet and the singlet tensor mesons can be 
combined into a single nonet matrix 

^ = (0 + -Ls)^. (25) 

The chiral Lagrangian in the large N c limit is expressed exclusively in terms of A/^„ tensor field. 
At leading order in 1/N C , the kinetic and interaction parts are given by 

£ kin = -| TrAf^v ■ VM^ 

Ant = ^nWl,WWv a e^° (26) 
while the mass matrix part is given by 

£ maS s = | TrA^A>' + ^ Tr({jV^,^}-A^)- ^ 

Comparison with the chiral Lagrangian we have constructed above indicates that in the N c — ► oo 
limit 

a ^0, a 8 ^0, (28) 
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This means that I/2) state becomes 'pure' (ss) state and the nonet matrix is given by 



/ 1,1 

V2 ^ V2 
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Kt 



at 








h 






/2 j 



(30) 



In leading order one has the ideal mixing angle (©t)a^oo — 35° which is close but off by 
20% from the actual value 0^ = 29.1° obtained from Eq. (|2~4|). Note, however, that the mixing 
angle is quite sensitive to the f 2 masses, and Eq. ( p4"|) can be brought into consistency with ideal 
mixing by just shifting /2(1525) up by 40 MeV. This discrepancy may be due to contamination 
of ^2 — f 2 tensor mesons with exotic states such as tensor glueball states and/or exotic mesons 
such as p — p, uj — uj bound-state resonances Wl . 



The coupling constants are free parameters in chiral perturbation theory. To estimate 
these coupling constants, we decompose the quark-model wave functions of vector and tensor 
mesons in their rest frames (v = (1,0)) into their isospin, spin and spatial parts. 

\V a (e 1 )} = \X a ) ® \S = l,S z = 1) <g> \ls,L = 0,L Z = 0), 

\T a (e ij ) = \X a ) ® \S = l,S z = 1) \2p,L = l,L z = j) + (i «-> j) -trace in (ij). (31) 
Note that the vector and tensor mesons are different only in their spatial wave functions. 



Current algebra [13], [L4[] suggests that the axial current coupling is given by 

A ai ~ ^A a SV t , 

where 



(32) 



V = exp(-^(S x L) z ), (33) 

with 6 a small parameter (sin 2 6 ~ | in the baryon sector, and is expected to be of similar 
magnitude for mesons). In the zeroth order of an expansion in 9, the axial current coupling 
A ai = \ a S l does not couple to the spatial wave functions at all. As a result, gi^ = §1,2, i-e., the 
same parameters govern the axial couplings of the vector and tensor mesons. As discussed in 
@, under the assumption of ideal mixing, gx = g 1 = 2/\/3 and g 2 = g-i = 1 in the nonrelativistic 



constituent quark model. If we employ the non-relativistic chiral quark model fllql , these factors 
are further reduced by a factor of 3/4. 



In chiral perturbation theory, the leading order corrections to the tensor meson masses are 
of order rrfij 2 and arise from one-loop self-energy diagrams due to virtual pseudoscalar meson 



exchange. A straightforward calculation gives 

1 
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fJSml + Am 3 K + m 3 



8nP 



7,2 



5M< 



(08) 
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<e( 2 "4 + -m|- + -m 3 ) + ~g\m^ 



gig 2 (-3ml + 2m 3 K + mj) 



W 2 V 3 



(34) 



The mass corrections are quite substantial. For example, 5m a2 ~ —450 MeV. On the other 
hand, the singlet-octet mixing angle after leading order chiral perturbation one-loop cor- 
rection is taken into account remains very small. The mixing angle is 



tan Q T = =p„ 



M f , - \M K% + \M a2 - 5M 



\ ±M Ki -\M a2 -M h + 5M ) 



(35) 



where 



5M 



--6M K5 + -6M a2 +5M 22 



(08) 



-p {fi + \at) (\ml - \m\ + m 3 ) . 



8tt/ 2 ^ ' 3*^3""* 3 
Using the large N c relation between g\ and g 2 , we find that 
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(36) 



5M 



8tt/ 2 V3 



(-"ml 



-m| + m 3 



(37) 



For a reasonable range c/2 ~ 0.75 — 1, the mass correction 5M « —6 MeV. The corresponding 
shift in mixing angle is about 1°. Its smallness (when contrasted with the huge corrections to 
individual masses) is presumably because the combination 5M has to vanish in the large N c 
limit, i.e., 6M = 0(N~ l ). 

A remark is in order. Various heuristic arguments indicate that J = 2 tensor mesons might 
exhibit moderate mixing with other 2 ++ meson states. The first is tensor glueball. In the past, 
there has been various phenomenological model for the mixing. It has been argued that, once 



the glueball mixing is taken into account, the fi meson is in ideal mixing [IT|. The second 
are tetra-quark states. There has been no systematic analysis of their influence to the mixing. 
Within chiral perturbation theory the tetraquark states might be treatable systematically as 
a perturbation of (8^,8^) C (8^,8^) <g> (8^,8^) irreducible state. Electromagnetic correction 



6 



to the mass matrix is of theoretical interest. In this case one has to bear in mind that both 
short- distance and long-distance effects contributions have to be taken into account. 



It is straightforward to generalize the chiral perturbation theory to (qq) mesons of higher 



spin. The spin-s meson fields are introduced in terms of 3 x 3 octet matrix O 



and 



a singlet S^^...^. The spin-s mesons are irreducible representations of the Lorentz group, 
viz. totally symmetric and traceless components. The polarization of these mesons are nec- 
essarily orthogonal to the momentum. For heavy static fields the four-velocity also satisfies 



PlP2—Pa 



Pl—Ps 



0. Chiral Lagrangian of heavy spin-s tensor mesons is exactly the 



same as Eqs.(13)-(18): 



kin 



Si 



ro, 



0; 



int. 



^i<Sj pi ...Tr (Or-A x )v a e^ + (h.c.) 

+i# 2 Tr({0t pi ..., 0^-}A x )v a e^, otherwise, 



/'o 



ct CMf-Ms _i_ ^ 8 TWgt (*)Hl—fia 

J ^Hl-tia^ ~ | ^ Hi-fis 



(38) 



Since the interaction Lagrangian structure is exactly the same as 2 ++ tensor mesons, the 
leading order and the one-loop correction to mass spectra and mixing angles follow exactly the 
same pattern. Hence the singlet-octet mixing for these higher spin mesons are also related to 
their masses through Eq. (p4|), and be ideally mixed in the large N c limit. For example, by 
plugging in the masses of the spin-3 mesons one obtains the mixing angle = 28°, in qualitative 
agreement with the large N c prediction. Moreover, the chiral one-loop correction will take the 
form of Eq. (35) where 5M will be given by Eq. ( [37D up of spin-dependent multiplicative 
constants. Note that, however, these higher spin mesons are heavier in mass and there are 
many other possible sources of contamination, which cannot be treated within the framework 
of chiral perturbation theory. 

In this letter, we have studied chiral perturbation theory of heavy tensor mesons of spin > 2. 
We have shown that the octet - singlet mixing angle is quite close to 'ideal mixing' and one- 
loop correction to the mixing angle is negligible. On the other hand, mass spectra themselves 
receive quite a sizable corrections. We conclude that the chiral perturbation theory 'explains' 
naturally why the singlet-octet mixing is signficantly off the ideal mixing for pseudo-scalar 



Goldstone bosons while close to the ideal mixing for all higher spin > 1 mesons. 

We thank S. von Dombrowski, F. Wilczek, M.B. Wise and T.M. Yan for useful discussions. 
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